Few studies have concurrently investigated the accuracy and repeatability of an optical and electromagnetic (EM) system during dynamic motion. The purposes of this study were to: (1) assess the accuracy of both an EM and optical system when compared to a gold standard and (2) to compare the intra-and inter-day repeatability during 3D kinematic motion of both systems. The gold standard used for accuracy assessment was a robot programmed to manipulate a carbon¯ber beam through pre-de¯ned motions within the capture volume of both systems at 30, 45 and 60 /s. A total of 12 healthy young adults were tested for intra-and inter-day repeatability of hip, knee and ankle joint angles during a sit-to-stand movement. Marker trajectories were captured using an 8-camera Motion Analysis system and a Polhemus Liberty system. Optical markers for both portions of the study were precisely marked to allow for digitization by the EM system, with collections taken at 120 Hz. Accuracy and repeatability were assessed using the RMS error and coe±cient of multiple correlations (CMC), respectively. The optical system demonstrated a 1-2.5 lower RMS error in tracking the robot movements in the transverse and sagittal planes when compared to the EM system. However, it was possible that metal interference a®ected the accuracy of the EM system. High intra-day and inter-day repeatability was demonstrated by both systems during the sit-to-stand task. The optical system did demonstrate slightly higher CMC values for between day trials, though skin motion artifact might have a®ected the EM system to a greater extent. Overall, both systems demonstrated an adequate ability to track dynamic motion.
INTRODUCTION
Biomechanics laboratories often have to choose between electromagnetic (EM) and optical systems when conducting research. While the purpose of both systems is to determine the position and orientation of body segments in a three-dimensional (3D) volume, their methods for capturing data are varied. To date, relatively few studies have provided information on the accuracy and repeatability of these di®erent systems during dynamic motion.
Among optical systems, either passive re°ective or active light-transmitting markers can be used with a set of cameras to determine marker trajectories in space. 1 For such systems, accuracy has been shown to be dependent on the calibration¯eld, camera distance from markers, and motion of the markers in the capture volume. 1, 2 In order to perform successful data collection, proper calibration and setup, including number and location of cameras, size of measurement volume, precise calibration device and procedure needs to be followed. 3 For EM systems, a receiver is placed on segments of interest, with positions and orientations tracked when within operating range of a transmitter. Accuracy is dependent on distance between the receiver and transmitter, magnetic interference and number of receivers. 4, 5 Similar to optical markers, motion artifact can be of concern among EM systems, though EM systems do allow for accurate real-time tracking without line-ofsight restrictions. 6 Studies have investigated the performance of optical systems. 3, 7, 8 and EM systems, 9,10 though comparison of the validity and reliability of optical and EM systems are lacking. Hassan and colleagues found that both systems were appropriate for measuring upper extremity kinematics and deviations occurred mostly at smaller angles. 5 Their study showed that optical systems were clinically comparable to EM systems for accuracy of kinematic data only when appropriate post hoc algorithms were applied. However, repeatability of the data for the systems was not assessed. To our knowledge, there are no studies investigating the repeatability of both optical and EM systems.
The goal of this study was to quantify measurement error for an EM and optical system. In order to achieve this aim, we had two main purposes: (1) To assess the accuracy of both an EM and optical system when compared to our gold standard during dynamic motions and (2) To measure and compare the intra-and inter-day repeatability of 3D kinematic motion of both systems. The gold standard used for accuracy assessment was a six-degree of freedom robot programmed to manipulate a carbon¯ber beam through pre-de¯ned motions within the capture volume of both the EM and optical systems. Hip, knee and ankle joint angles during a sit-to-stand movement were measured to assess repeatability.
MATERIALS AND METHODS

Assessment of Accuracy
Dynamic assessment of accuracy for both systems was performed using a LR Mate 200iB six-degree of freedom robot (FANUC Robotics America Inc., Rochester Hills, MI). The robot manipulated a rigid carbon¯ber beam attached to the most distal segment [ Fig. 1(A) ]. The carbon¯ber beam, which has high strength and a low mass, was moved through a range of À20 to 70 in the sagittal plane at each 15 increment in the transverse plane between À45 to 45 (Fig. 2) . Movement was selected to simulate shoulder°exion/extension at di®erent scapular plane angles, while keeping the EM receiver within range of the transmitter. The robot moved through this known range of motion at three di®erent speeds: 30 /s, 45 /s and 60 /s.
Three non-co-linear re°ective optical markers were placed on the carbon¯ber beam, with an additional three markers placed on a rigid surface, to be used as the reference for kinematics analysis [ Fig. 1(B) ]. Each optical marker was precisely marked at four points to allow for digitization by the EM system. Two EM receivers were placed on the rigid beam and surface, with digitized marker locations tracked during all trials. Prior to all data collection both systems were calibrated by experienced investigators. Marker trajectories were captured simultaneously by an EM (Liberty electromagnetic tracker, Polhemus Inc., Burlington, VT) and an optical system (8-camera Eagle System, Motion Analysis Corp., Santa Rosa, CA), each with a sampling rate of 120 Hz. Both systems were triggered and synchronized with the robot using a laptop which was controlling the robot. Additionally, joint movements of the robot were tracked at 12.5 Hz. Tracking from both systems data were synchronized to the robot and re-sampled to 12.5 Hz in order to determine the RMS error.
All data were¯ltered using a 4th order lowpass zerolag Butterworth¯lter with a 6 Hz cuto® frequency. Comparisons were further performed versus non-¯ltered data and smoothing standards used by Hassan and colleagues. 5 Angles in the sagittal and transverse plane were calculated using a Y-X-Z Euler sequence, with Y representing the superior-inferior axis, X the anteriorposterior axis and Z the mediolateral axis. The accuracy of each system to the gold standard was assessed for the angles calculated and distances between two markers using the RMS error throughout the trial. Di®erences in beam marker distances were compared to a resting condition, where marker position data was collected with the beam placed at 0 in both the transverse and sagittal planes under no dynamic movement.
The e®ect of robot metal interference on the EM system was tested with the use of precisely positioned EM receivers placed on a°at ceramic surface. Distance between the EM transmitter and robot was varied between 40 and 130 cm, with angular error and position error of the markers recorded at each distance. Errors in angle and position due to metallic interference were reported in and cm, respectively.
Assessment of Repeatability
A total of 12 young healthy adults (6 female, mean age ¼ 25:6 AE 5:3 years) were recruited for this part of the study. The 3D trajectories of 15 re°ective optical markers placed at bony landmarks were captured by the optical system. 11 The 15 optical markers were precisely marked at four points to allow for digitization for the EM system. Seven EM receivers were attached to the following locations: the spinous process of the 5th lumbar vertebra, the lateral aspect of the right and left thigh, the lateral aspect of the right and left shank, and the top of the right and left foot (metatarsal bones).
Participants were instructed to perform a sit-tostand task from a 46 cm high chair at a self-selected natural speed. They were asked to sit on a chair with the trunk vertical, and self-selected comfortable feet placement. Several practice trials were performed to¯nd their comfortable starting position. The participants folded their arms on the chest throughout the task. Three trials were collected for each participant. After 15 min of rest, additional three trials were collected. Participants were asked to repeat the same protocol on the following day, with three sit-to-stand trials.
Sagittal plane hip, knee and ankle joint angles during all trials were calculated using a laboratory written Fig. 1 Setup of the robot during data collection (A), with three non co-linear optical markers placed on both a carbon¯ber beam and rigid surface. Markers de¯ned orthogonal axes in the anterior-posterior (AP), medial-lateral (ML) and superior-inferior (SI) directions (B). All optical markers were also digitized for use by the EM system with an EM receiver placed on the beam and surface.
Matlab program (MATLAB 7.0; The Mathworks Inc., Natick, MA) from data collected by both systems. The sit-to-stand motion began at the¯rst discernible hip°e xion of more than 0.025 between consecutive frames. The end of the motion was de¯ned when consecutive frames of hip°exion did not exceed a di®erence of 0.025 . 12 For further analysis, all data were interpolated to 101 data points, which represented 0-100% of the sitto-stand movement. Coe±cient of multiple correlation (CMC) was used to assess intra-day and inter-day repeatability of the movement.
CMC for intra-day repeatability was given by:
where i represents the test day, j the trial number and t the time point, 13 Y it and Y i are the average at time point t on the ith day and the overall mean on the ith day, respectively. For intra-day repeatability, M was 1 day, N was 6 trials, and T was 101 data points.
Inter-day repeatability was assessed using:
where Y t and Y are the average at time point t over NM gait cycles and Y is the overall mean divided by time, respectively. 13 For inter-day repeatability, M was 2 days, N was 3 trials and T was 101 data points. Similar waveforms will return CMC values close to 1, while dissimilar waveforms will tend to 0. Both intra-day and inter-day repeatability were calculated for the hip, knee and ankle joint angles. A paired t-test was used to determine di®erences in the CMCs between the optical and EM system (SPSS 20.0; IBM Corp., Armonk, NY). The signi¯cance was set at an alpha level of 0.05.
RESULTS
Accuracy
During metal interference tests, the EM system demonstrated similar position errors at all distances from the robot ( Table 1) . Increasing angular error was demonstrated as the EM transmitter moved within 66 cm of the robot. Therefore, the EM transmitter was placed at least 75 cm from the robot for all subsequent trials. Sagittal plane angles [ Fig. 3(A) ] and transverse plane angles [ Fig. 3(C) ] demonstrated that both systems tracked the motion of the robot. When compared to the robot, the optical system showed consistent di®erences across time. However, the EM system demonstrated an inverted U pattern in the sagittal plane, with the greatest di®erence found when the beam was between À15 and 15 in the transverse plane [ Fig. 3(B) ]. The di®erences in the transverse plane for the EM system deviated from the gold standard during the entire trial [ Fig. 3(D) ].
The optical system demonstrated a small increase in the sagittal plane RMS error and decrease in the transverse plane RMS with increasing speed (Table 2) . Similar patterns were demonstrated by the EM system apart from increased transverse plane RMS error at 60 /s, when compared to lower speeds. The EM system had approximately 2.5 greater RMS error than the optical system at all speeds in the sagittal plane. In the transverse plane, the calculated RMS error of the EM system was approximately 1-2 greater than the optical Conversely, the optical system demonstrated greater RMS error in tracking distances between two markers on the same rigid body when compared to the EM system (Table 3) . RMS errors for the optical system when 
Repeatability
Mean ranges of the hip, knee and ankle joint angles during sit-to-stand movement were 82:3 AE 10:2, 87:3 AE 10:3 and 17:6 AE 12:0 , respectively, for the optical system and 83:9 AE 12:3, 87:0 AE 11:5 and 15:9 AE 13:3 , respectively, for the EM system. For both the EM and optical systems, the repeatability of joint angular motion at the hip, knee, and ankle were high, with an average CMC value of 0.971, for both inter-day and intra-day (Table 4) . Furthermore, the optical system demonstrated signi¯cantly higher intra-day and interday CMCs than the EM system at the hip joint. For the ankle joint, the inter-day CMC of the optical system was signi¯cantly greater than the EM system, but not the intra-day CMC.
DISCUSSION Accuracy
The¯rst purpose of this study was to access the accuracy of the optical and EM system during dynamic motion. Although the EM system demonstrated greater accuracy in determining the distances between two points on a rigid segment, the EM system also demonstrated greater RMS error in calculating angles between two segments in both planes, when compared to the optical system. The accuracy of the EM system may have been a®ected by metal interference and the distance between the sensors and the receiver, though metal objects such as force plates were removed from the immediate vicinity. The majority of the motion of the rigid beam was con¯ned to the center of the capture volume of both the optical system and EM system. Movement to the end ranges of motion might have contributed to the greater error for the EM system at those points, though the hemisphere of accuracy for the Polhemus system is stated to have approximately a 1.5 m radius. All collections were performed on a single day with calibration, marker placement and digitization procedures performed for the optical and EM systems by experienced investigators. While the robot was maintained at distances longer than 75 cm away from the EM transmitter, it is possible that the metal interference of the robot and from the gait laboratory created greater error in EM system angles than in the optical system. Chosen positions were considered appropriate due to the smaller angular errors seen at distances greater than 40 cm (Table 1) . It is also possible that movement interference onto the receivers during the experiment, or even the choice of Euler angle sequences, a®ected the angular RMS values.
The EM system did demonstrate greater RMS accuracy when measuring distances between markers. Since these distances are calculated based on the position of digitized points in relation to the EM receiver, it is expected that this value will remain consistent throughout the movement. In addition, the RMS values obtained for the optical system are in agreement with those found previously. 7 In Richards' study, the motion system demonstrated 0.059 cm RMS error for two markers spaced at 50 cm apart, with a maximum error of 0.183 cm.
Di®erences from the gold standard were most prevalent at end ranges of motion in the sagittal plane and at 0 in the transverse plane [Figs. 3(B) and 3(D) ]. Along with possible crosstalk between the sagittal and transverse planes, 14 it is possible that collecting data at greater than 120 Hz might have provided us with a more re¯ned pro¯le at the end ranges of motion and possibly reduced the RMS errors for both systems. The di®erence in sampling frequency between the optical/EM systems and the robot also could have a®ected errors among both motion systems. Interpolation was performed in order to access the RMS error, and imperfect synchronization between systems might have induced a systematic error, as seen for the optical system [Figs. 3(B) and 3(D)]. When the robot approached 0 in the transverse plane, it was closer to the EM transmitter, which might have generated greater error [ Fig. 3(B) ]. Additionally, as the robot approached 45 in the transverse plane, the receivers were furthest away from the transmitter, which might have added additional error.
Repeatability
CMC values for the optical and EM systems approached 1 for both intra-day and inter-day repeatability. Slightly reduced inter-day ankle CMC values of approximately 0.9 were due to non-controlled participants' feet placement between trials or between days. During a sit-tostand motion, foot position has been shown to in°uence movement time, hip°exion angles and speeds as well as modifying the joint moments and ground reaction forces. 15 With a posterior or anterior placement of the feet, ankle angles would have changed as well. Participants performed their self-selected sit-to-stand motion, and while this was a limitation of the study, it ensured that additional constraints were not placed on the subject during their movement task. Additionally, the patterns of the hip, knee, ankle joint curves during the sit-to-stand motion were similar to those reported previously. 16 A well-trained investigator familiar with the optical system placed markers on both testing days. Similarly, an experienced researcher familiar with the EM system performed digitization of these optical markers on both testing days. The participants performed the sit-to-stand motion in the center of the capture volume for the optical and EM systems. The optical system is accommodated to conduct gait analysis, with a capture volume of 5 m long, 2 m wide and 3 m high. Accuracy and repeatability of marker tracking might have improved with a capture volume optimized to a sit-to-stand motion.
Marker placement, digitization di®erences, inherent physiological variability in performing the sit-to-stand motion, and skin motion artifact could have a®ected the results for both systems. Smaller inter-day repeatability within the EM system might be due to thigh and shank receiver placement and motion artifact. Along the thigh, there is an abundance of soft tissue, and placement of this receiver on the assumed rigid body was a limitation of the study. However, all attempts were made to place both this receiver and the shank receiver along a bony aspect of the segment. Skin motion artifacts during scapular motion using the same EM system were shown to have reasonable RMS errors when compared to bone pins. 17 No studies to our knowledge have assessed the skin motion of the lower extremity using an EM system. Prior studies have investigated methods for compensating for skin motion artifact by utilizing point clusters and an over-abundance of markers to reduce e®ects from skin deformation. 18 However, this approach can be time consuming and increase neurosensory stimulus for the patient, resulting in non-normal movement. 19 Along with the placement of a single EM receiver versus multiple optical markers resulting in varied skin motion deviations and patient stimulus when comparing the two systems, it is speculated that a heavier, wired EM receiver might lead to greater error as well, 5 though in our study both systems demonstrated high CMC values.
CONCLUSIONS
Both the EM and optical systems demonstrated an ability to adequately track dynamic motion of a robot and the sit-to-stand motion of young adults within and between days. While the EM system might have demonstrated greater errors due to metal interference in the room and lower repeatability due to skin motion artifact of the sensors, it still performed adequately when compared to the optical system. Further work might investigate the accuracy and repeatability of both systems during dynamic motion in vivo, utilizing other techniques for a gold standard such as bone pins.
